Appropriate interpretation of a positive reverse transcription-PCR is an important issue for virus-related health hazard assessment because viral genomes and infectious viruses exhibit different behavior patterns in water. In this context, using Poliovirus 1 and Feline calicivirus f9 as examples of enteric viruses, first we demonstrated that the stability of infectious viruses is greatly affected by the temperature of mineral water (10, 20, and 35°C) and that, in contrast, temperature has little effect on the corresponding genomes. Second, we demonstrated that infectious particles are degraded more rapidly than viral genomes at all temperatures studied. At 35°C, Poliovirus 1 infectivity was reduced 4 logs after only 19 days, while an equivalent reduction would have taken 75 years (according to the model applied) for the viral genome. Contradictory conclusions can also be drawn concerning the sensitivity of viral serotypes depending on whether the infectious virus or the viral genome is considered. The Feline calicivirus f9 genome is more resistant than the Poliovirus 1 genome, whereas the opposite is true for the corresponding infectious viruses. Thus, we concluded that a positive test for a viral genome in mineral water must be interpreted with utmost caution because of the lack of a correlation between the presence of viral genomes and viral infectivity. Detection of viral genomes may be necessary to identify infectious risk for the human population, but it cannot be considered sufficient.
Norovirus (NV) members of the family Caliciviridae are the leading cause of viral gastroenteritis in adults (11) . Needless to say, the detection of a fragment of an NV genome in certain mineral waters (3) described previously (2) hit the scientific community like an earthquake. However, is there scientific evidence demonstrating that the presence of viral genomes in water should be interpreted as an infectious risk? Available qualitative or semiquantitative data suggest that viral genomes and truly infectious viruses exhibit different behavior patterns (8, 10, 12, 18, 26) .
Over the last 45 years, the infectivity of viruses has been determined with cell cultures, a high-performance technique widely used to detect enteric viruses. Consequently, the infectious viral unit, defined as the viral unit capable of replication in a sensitive cell, has been the only standard available for study. It has been used in a wide range of research, including analyses of minimal infectious doses, viral survival in the environment, levels of water contamination, the effects of environmental factors or water treatments, and virus concentration-extraction methodology. Although cell culture is a fundamental tool, it is a long costly procedure and is unable to detect certain viruses, such as Norovirus and Sapovirus, which are frequently the causal agent of gastroenteritis epidemics. Thus, when reverse transcription-PCR (RT-PCR) methods became available (24) , environmental virology researchers rapidly switched to detecting viral genomes with this rapid, sensitive, specific, quantitative technique, which is well adapted to all viruses and has been presented as the ideal method. Enteric virus genomes have been detected in seafood (17) , in residual sludge (20) , and in all types of water, including raw wastewater (13) , treated wastewater (9), river water (23), seawater (14) , and, most recently, mineral water (3). This molecular tool does, however, have a few drawbacks, including a high risk of false-positive results due to laboratory contamination and a high risk of false-negative results due to enzyme inhibition. Moreover, RT-PCR detection of a virus genome does not provide any information about the infectious nature of the virus isolated. This fundamental point has led to much debate. According to some workers, genomic RNA degrades rapidly in water so the genome detected has to be encapsidated and thus corresponds to a complete potentially pathogenic virus (3, 16) . Other workers recall that little is known about what happens to genomic RNA in water and, most importantly, that the presence of a capsid is an insufficient criterion to determine the infectious nature of a virus. It is well known that capsids can be damaged, rendering the virus incapable of binding to sensitive cells, an essential step required before cell infection (21) .
We have a good deal of well-documented evidence on infectious viral particles which allows reasonable estimation of the public health hazard. For viral genomes, however, data are scarce and often fragmentary. Thus, before drawing conclusions about genomes detected in mineral waters, we have to acquire more precise information on the behavior of viral genomes and viral particles in water.
To illustrate this problem, we monitored infectious viruses and their genomes in mineral water at three temperatures (10, 20, and 35°C 
MATERIALS AND METHODS
Virus and cells. Stools containing NV.Ober.98 (98% homologous with Caliciviridae strain Oberschleissheim [GenBank accession number :gi13194695]), which were collected from children involved in outbreaks, were diluted to obtain a 10% suspension in phosphate-buffered saline, mixed with an equal volume of 1,1,2-trichloro-1,2,2-trifluoroethane, and clarified by centrifugation at 500 ϫ g as previously described (1) . Preparations were stored at Ϫ70°C. PV1 (Lsc2ab strain) was propagated in BGM cells growing in minimum essential medium (MEM) (catalog no. M5650; Sigma) containing 5% fetal calf serum and 1% L-glutamine (catalog no. G7513; Sigma).
FCV-f9 was propagated in a monolayer of feline embryo-derived (FEA) cells in MEM containing 10% of fetal calf serum and 1% L-glutamine.
For each cultivable strain, viral advanced cytopathic effects were observed after 24 to 48 h of incubation at 37°C. Stocks of viral inocula were prepared by freezing and thawing them three times and were centrifuged (10,000 ϫ g, 60 min, 4°C). Each supernatant, which was stored at Ϫ70°C, constituted a viral stock. Virus quantities were expressed in most probable numbers of cytopathogenic units (MPNCU).
Water samples. A mineral groundwater with the autochthonous microbial flora was used for all experiments. The conductivity of this water was 645 S/cm, the pH was 7.51, and the water contained no CO 3 Ϫ . Ϫ , Ͻ0.1 mg/liter; NO 2 Ϫ , Ͻ0.01 mg/liter; and NH 4 ϩ , 0.01 mg/liter. The physicochemical composition of this mineral water is similar to that of other commercial bottled mineral waters. This water comes from a deep well in the Bundsandstein sandstone in northeastern France. According to the mineral water classification scheme, this water is a bicarbonate-sulfatocalcic water with Ca, HCO 3 Ϫ , and SO 4 2Ϫ domination. Viral seeding of water samples. One hundred milliliters of water was contaminated with 10-fold serial dilutions of viral stocks to obtain a sample containing 10 5 MPNCU of PV1 per ml and NV.Ober.98 in the final 100-fold dilution. A second 100-ml water sample was contaminated with 10 5 MPNCU of FCV-f9 per ml and then with the same 100-fold dilution used for NV.Ober.98.
The two 100-ml water samples were homogenized for 15 min at 25°C and distributed into 1-ml polypropylene tubes, which where placed in the dark at 10, 20, and 35°C.
At each sampling time, tubes were removed and stored at Ϫ70°C until they were analyzed by cell culture and fluorogenic quantitative RT-PCR methods.
Quantification of infectious virus by cell culture. Each sample was treated with an antibiotic and antimycotic solution (catalog no. A5955; Sigma) for 2 h at 37°C. Infectious PV1 and infectious FCV-f9 were quantified in 96-well microplates by using BGM cells and FEA cells, respectively. Fifty-microliter portions of three successive logarithmic dilutions of each sample were added to 200-l preparations containing 7.5 ϫ 10 4 BGM or FEA cells ml Ϫ1 in MEM containing 2% fetal calf serum. Each dilution was seeded in 40 wells. The plates were incubated for 6 days at 37°C in a 5% CO 2 -95% air atmosphere and then examined for cytopathogenic effects. The numbers of wells with cytopathogenic effects were counted, and the MPNCU was calculated (19) . Viral genome detection. (i) Viral RNA extraction. RNA of viruses (PV1, FCV-f9, and NV.Ober.98) were extracted from 140 l of seeded water with a Qiamp viral RNA kit (catalog no. 52904; Qiagen) used according to the manufacturer's instructions. Sixty microliters of extract product was obtained after this step.
(ii) Primers and probes. The primers and probes used for each virus in TaqMan assays were designed with Primer Express software (version 1.0). Each oligonucleotide was selected for specific sequences (GenBank accession number gi 61257 for PV1 and GenBank accession number gi323877 for FCV-f9). For NV.Ober.98, the specific sequence of the virus was defined before primers and a probe were designed. The different primer sets and probes are shown in Table 1 .
(iii) cDNA synthesis. cDNA was synthesized for each virus from the extracted RNA by using the reverse primer at a final concentration of 0.5 M in a 20-l mixture containing 4 l of 5ϫ reverse transcription buffer (250 mM Tris-HCl [pH 8.4], 50 mM MgCl 2 , 350 mM KCl, 15 mM dithiothreitol, 2.5 mM spermidine), 40 U of RNase inhibitor (catalog no. N2111; Promega), each deoxynucleoside triphosphate (catalog no. N8080260; Perkin-Elmer) at a concentration of 0.25 M, 10 U of reverse transcriptase (catalog no. M5108; Promega), 6 l of DNasefree, RNase-free water (catalog no. W4502; Sigma), and 5 l of extracted product heated for 3 min at 95°C. RT was performed at 42°C for 60 min. RNA-DNA hybrids were denatured, and reverse transcriptase was inactivated by heating the preparation at 95°C for 5 min. The resulting cDNA was then amplified by PCR.
(iv) PCR amplification. For each virus a PCR assay was done separately by using 5 l of cDNA in a 50-l (final volume) mixture containing 25 l of TaqMan universal master mixture (catalog no. 4304437; PE Biosystems), 14.5 l of nuclease-free water, forward and reverse primers (each at a final concentration of 0.5 M), and TaqMan probe at a final concentration of 0.2 M for NV.Ober.98, 0.25 M for FCV-f9, and 0.3 M for PV1.
Amplification and detection were performed with an ABI Prism 7700 sequence detection system (Perkin-Elmer Inc.). The amplification procedure included two hold programs, (i) 2 min at 50°C to activate the uracil NЈ-glycosylase and then (ii) 10 min at 95°C to release the activity of the hot start DNA polymerase, followed by 50 cycles consisting of 15 s at 95°C and 60 s at 60°C. Real-time fluorescence measurements were obtained and analyzed directly with the ABI Prism 7700 sequence detection system software. The threshold cycle value for each sample generated was calculated by determining the point at which fluorescence exceeded a threshold limit.
RESULTS
The persistence of infectious viruses (PV1 and FCV-f9) and viral genomes (PV1, FCV-f9, and NV.Ober.98) was monitored in mineral water at 10, 20, and 35°C.
Reductions in the levels of infectious viruses in mineral water. Survival of infectious viruses was monitored by cell cul- turing for PV1 and FCV-f9 until a reduction in the virus level of at least 1 log was obtained for each temperature. For PV1, inactivation of the infectious viral particles exhibited classical linear kinetics fitting the following equation: log (N x /N 0 ) ϭ ϪaT (equation 1), where N x /N 0 is the ratio of the concentration of infectious viral particles at time x to the concentration of infectious viral particles at time zero, T is the time (in days), and a is the coefficient of inactivation (Fig. 1) . This allowed calculation of the T 90 (time after which the viral titer had decreased by 90%) values shown in Table 2 . As expected, temperature had a potent effect. There was little variation (Ͻ1 log) at 10°C over a 262-day period, whereas at 35°C the reduction was more than 3.5 logs in only 16 days. The observed T 90 values were 345, 59, and 4.7 days for 10, 20, and 35°C, respectively. For FCV-f9, the inactivation kinetics also seemed to follow equation 1, but the reduction in the virus level was so rapid that there were too few experimental points at 35 and 20°C for plotting. The T 90 of FCV-f9 was 11.5 days at 10°C and was estimated to be 1.1 days at 20°C and 0.3 day at 35°C. The reduction in the virus level in mineral water was significantly greater for FCV-f9 than for PV1 (P Ͻ 0.05, as determined by the Student t test). Reduction in the levels of viral genomes in mineral water. Reductions in the levels of viral genomes were monitored by quantitative RT-PCR for PV1, FCV-f9, and NV.Ober.98 at three temperatures. At 10°C no significant decrease was observed for the three viral genomes over a 262-day period. At 20°C no significant decrease was observed over a 140-day period. These results show that temperatures from 10 to 20°C have very little effect on the decreases in the quantities of viral genomes in mineral water medium. The reductions became significant only at 35°C for the three viruses (Fig. 2) . The FCVf9 genome was the most resistant, followed by the NV.Ober.98 genome and finally by the PV1 genome, which was the least resistant (P Ͻ 0.05, as determined by the Student t test).
Conversely, the disappearance of genomes of viruses (FCVf9, PV1, and NV.Ober.98) followed a log T curve-fitting equa-
, where Q x /Q 0 is the ratio of the concentration of viral genomes at time x to the concentration of viral genomes at time zero, T is the time (in days), and b is the coefficient of disappearance. Therefore, when the disappearance of viral genomes and the disappearance of infectious viruses at 35°C were compared (Fig. 3) , PV1 infectious particles exhibited a 4-log reduction after only 19 days, a level of reduction that would have been reached only after 75 years (according to the model used) for the viral genome. The same phenomenon was observed for FCV-f9, for which the differences were greater because of a very quick decrease in the number of infectious particles at each temperature ( Fig. 2 and Table 2 ).
DISCUSSION
This study was undertaken to determine differences in the behavior patterns of viral genomes and infectious viruses, which appears to be an important issue for correct interpreta- (3), we focused on this kind of water. In addition, since NV are unable to grow in cell cultures, we investigated two other cultivable virus models: PV1, which is a well-known enteric virus, and FCV-f9, which, like NV, belongs to the family Caliciviridae but is a respiratory virus.
Our results show that there is a great difference in heat resistance between infectious viruses and viral genomes. Heat is known to have a potent effect on infectious particles. Thus, for PV1 the T 90 values were 345, 59, and 4.7 days for 10, 20, and 35°C, respectively, while for FCV-f9 the T 90 values were significantly shorter but decreased similarly with temperature. These expected results confirmed previous findings describing viral sensitivity to heat (4, 6, 7, 15, 30 ). An increased temperature can modify the viral protein capsid, resulting in inactivation (5, 22, 29) .
In contrast, temperature seems to have little effect on the viral genome. Thus, in mineral water after 262 days at 10°C and after 140 days at 20°C, there was no quantitative variation in the viral genome (Ͻ0.5 log) for any of the three viruses studied (FCV-f9, PV1, and NV.Ober.98). Temperatures from 10 to 35°C were expected to have little direct effect on viral RNA on September 7, 2017 by guest http://aem.asm.org/ (25) . Nevertheless, at 35°C after 140 days the quantity of the viral genome remaining was lower, and there were significant differences among the three viruses. The difference in degradation mechanisms between infectious viruses and viral genomes was underlined by the use of two different mathematical models to describe the kinetics of disappearance. Inactivation of the infectious viral particles (FCV-f9 and PV1) exhibited classical linear kinetics over time, while the disappearance of viral genomes (FCV-f9, PV1, and NV.Ober.98) exhibited linear kinetics as a function of the logarithm of time. According to these models, infectious viral particles are degraded more rapidly than viral genomes. At 20°C the difference in behavior led to a significant reduction (Ͼ2 logs) in the level of infectious PV1 at 140 days, while no variation in the level of the PV1 genome was observed over the same period. Similar results were obtained at 35°C. Therefore, the degradation observed at 35°C could have been due to the presence of RNases in the media studied, which were able to digest viral RNA as soon as it became available outside the viral capsid (5, 8, 27, 28, 29) . Such RNases could have had different origins, such as the stool extract which constituted the NV stock, the PV1 or FCV-f9 suspension obtained from a cell culture supernatant, or the mineral water. If the hypothesis that RNase was present is accepted, the stability of the genome at 10 and 20°C can only be explained by protection of the RNA inside the capsid, protection that disappeared partially with time at 35°C. Inactivated viral particles inside which RNA is protected against RNase have been described previously (21) .
Furthermore, contradictory conclusions concerning the sensitivities of two viruses, PV1 and FCV-f9, can be made depending on whether the genome or the infectious virus is considered the standard. If the infectious virus is the standard, FCV-f9 was found to be a very fragile virus (the T 90 values were 11.5 and 0.3 days for 10 and 35°C, respectively), while PV1 survived significantly longer at all three temperatures tested (the T 90 values were 345 and 4.7 days for 10 and 35°C, respectively). However, if the viral genome is used as the standard, FCV-f9 exhibited significantly greater resistance than PV1 for 140 days at 35°C. Under these conditions and notwithstanding the fact that degradation of the NV.Ober.98 genome followed a curve located between the curves for the two viral models used (PV1 and FCV-f9), no conclusion can be drawn concerning the infectious behavior of NV.Ober.98.
In light of evidence available today, detection of viral genomes may be necessary but not sufficient for assessment of the infectious risk for a human population.
